We present experimental results on the phase behavior of block copolymer/salt mixtures over a wide range of copolymer compositions, molecular weights and salt concentrations.
Abstract:
We present experimental results on the phase behavior of block copolymer/salt mixtures over a wide range of copolymer compositions, molecular weights and salt concentrations.
The experimental system comprises polystyrene-block -poly(ethylene oxide) and lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt. It is well established that LiTFSI interacts favorably with poly(ethylene oxide) relative to polystyrene.
The relationship between chain length and copolymer composition at fixed temperature is U-shaped, as seen in experiments on conventional block copolymers and as anticipated from the standard self-consistent field theory (SCFT) of block copolymer melts. The phase behavior can be explained in terms of an effective Flory-Huggins interaction parameter between the polystyrene monomers and poly(ethylene oxide) monomers complexed with the salt, χ eff , which increases linearly with salt concentration. The phase behavior of salt-containing block copolymers, plotted on a segregation strength versus copolymer composition plot, is similar to that of conventional (uncharged) block copolymer melts, when χ eff replaces χ in segregation strength.
Introduction:
There is considerable interest in the potential use of microphaseseparated block copolymers as solid electrolytes for lithium batteries. [1] [2] [3] [4] Of particular interest are diblock copolymers that possess the ability to preferentially segregate salt into one of the microdomains. These microdomains provide channels for ion transport while other macroscopic properties, such as shear modulus, can be controlled by the nature of the other microdomain. A commonly studied system is polystyrene-blockpoly(ethylene oxide) (SEO) mixed with lithium bis(trifluoromethanesulfonyl) imide salt, SEO/LiTFSI. The transport of lithium ions in poly(ethylene oxide) (PEO) has been fully characterized 5 , and polystyrene (PS) acts as the mechanical support for the solid electrolyte.
The phase behavior of pure diblock copolymers has been thoroughly investigated. 6, 7 The equilibrium phase behavior is controlled by two parameters: the volume fraction of one polymer block, f A , and the segregation strength, χN, where N is the overall degree of polymerization and χ is the Flory-Huggins interaction parameter, which measures the thermodynamic compatibility between the two blocks. At high temperatures, entropic contributions dominate and the system forms a homogeneous disordered phase. As temperature decreases, interactions between the two polymer blocks become more important, which leads to microphase separation into ordered morphologies. For a given block copolymer, characterized by f A and N, the transition from disorder-to-order occurs at a 3 critical value of χ, a parameter that generally increases as temperature decreases. The morphologies found in neat block copolymers include lamellae (LAM), bicontinuous gyroid phases (GYR), hexagonally packed cylinders (HEX) and body center cubic spheres (BCC), among others. 8, 9 Selfconsistent field theory (SCFT) 8 and the Random Phase Approximation (RPA) 10 have emerged as powerful tools for understanding the relationship between molecular structure, interactions, and phase behavior in conventional (uncharged) block copolymers.
It has been shown experimentally that the addition of salt affects the phase behavior of block copolymers. [11] [12] [13] [14] [15] Several theoretical groups have worked on the underpinnings of these observations. [16] [17] [18] [19] [20] The thermodynamics of these systems are affected by several factors that are not included in theoretical studies of conventional block copolymers. These factors include electrostatic interactions, charge dissociation, ion solvation, and physical cross-linking of chains due to the presence of ions. In early work, Wang and coworkers determined that ion solvation has the largest effect on the energetics of the block copolymer/salt system and added a term that they called "Born solvation energy" into a thermodynamic model. 16, 21, 22 This work suggests that the phase behavior of block copolymer/salt mixtures is similar to that of conventional block copolymers, provided χ is replaced by an effective interaction parameter, χ eff , which accounts for the solvation energy contribution. In the simplest case, χ eff increases linearly with salt concentration according to:
where χ 0 is the Flory-Huggins interaction parameter of the neat system, r is the salt concentration given by r =¿ ¿ and m is a proportionality constant. This form for χ eff was anticipated nearly three decades ago in the pioneering experimental studies by Mayes et al. 23 More recent theoretical work that accounts for salt-induced physical crosslinking indicates that Equation 1 still holds, although m must be redefined to account for the coupled and nonadditive effects of ion-crosslinking and solvation energy. 24 Theoretical work by de la Cruz and coworkers uses SCFT in conjunction with a hybrid liquid-state theory to account for electrostatic interactions in ion-containing copolymers. [25] [26] [27] We refer to this theory as Ionic-SCFT. This theory attempts to correct for charge ordering induced by ion correlations by explicitly adding an electrostatics term in conjunction with χ 0 . 27 The surprising conclusion of this work is that the phase behavior of ion-containing block copolymers is qualitatively different from that of conventional block copolymers. In particular, the ordered phase window at low values of χ 0 N contains a "chimney" at low values of f A (where A is the ionic block). 28 In polymers with low dielectric constants, such as PS and PEO, ordered phases with inverted morphologies (e.g. cylinders of B in a matrix of A) are predicted in the chimney. 26 We note that the phase diagram of conventional block copolymers is devoid of any chimney-like feature. 5 The purpose of this paper is to present experimental data on the phase behavior of SEO/LiTFSI mixtures in the vicinity of the order-disorder transition. The chain lengths of the SEO block copolymers were chosen so that the systems were disordered in the neat state. The volume fractions of the PEO blocks in our neat copolymers cover the range, 0.18≤f EO ≤ 0.84, and focus on compositionally asymmetric systems (f EO ≠ f PS ≠0.50) to supplement previous work on symmetric systems. 11 The ordered morphologies that emerged upon the addition of salt were determined primarily by small angle X-ray scattering (SAXS). Our data enables a critical examination of theories described above.
Experimental Section:
Polymer Synthesis and Characterization:
The SEO copolymers in this study were synthesized, purified and characterized using methods described in refs 11,29 . In this study, the polymers are named SEO (xx-yy), where xx and yy are the number-averaged molecular weights of PS, M PS , and PEO, M PEO , in kg mol -1 . The volume fractions of each block of the copolymers are given by
where ν EO 
and N A is Avogadro's number and ν ref was fixed at 0.1 nm 3 . Table 1 contains polymer characteristics, including the polydispersity indices, of the block copolymers in this study. The neat copolymers are completely transparent and colorless. are taken from a previous publication (ref. 30 ) and data for SEO are taken from ref 31 .
Electrolyte Preparation
The salt-containing copolymers were prepared using methods described in ref 32 . Due to the hygroscopic nature of the salt, Argon environment gloveboxes (Vacuum Atmosphere Company) with low oxygen and water levels were used for all sample preparation. The molar ratio of lithium ions to ethylene oxide (EO) moieties, r, is used in this study to quantify salt concentration. The number of EO units per polymer chain is calculated from M PEO without correcting for end groups. We assume that the all of the salt resides in the PEO domain [33] [34] [35] and determine the volume fraction of the salty PEO domain by
where ν EO , salt is the molar volume of salt-containing PEO calculated by indicated that this is an excellent assumption. A full list of properties for the salt-containing samples used in this study can be found in Table 2 .
Small Angle X-Ray Scattering (SAXS) Measurements
SAXS samples were prepared by and thermally pre-treated according to methods described in ref 36 . SAXS measurements were conducted at the Advanced Light Source beamline 7.3.3 at Lawrence Berkeley National Lab 37 and Stanford Synchrotron Radiation Light Source beamline 1-5 at SLAC National Accelerator Laboratory. In order to compare data collected at each beamline, temperature calibrations were conducted to measure the absolute 9 temperature of the samples by making separate electrolyte samples with a thermocouple running through the sample holder. The data presented in the main text reflects the absolute temperatures of the samples. Silver behenate was used to determine the beam center and sample-to-detector distance.
The scattered intensity was corrected for beam transmission, empty cell scattering, as well as for unavoidable air gaps in the system. Twodimensional scattering patterns were integrated azimuthally using the Nika program for IGOR Pro to produce one-dimensional scattering profiles. 38 Measurements were taken in a custom-built 8-sample heating stage, starting at 132 °C and cooling in steps of about 10 °C to 75 °C. Samples were annealed for about 30 min at each temperature before taking measurements.
Depolarized Light Scattering (DPLS)
The samples for DPLS were prepared like SAXS samples but were sealed between quartz windows in custom-designed airtight aluminum sample holders. 39 The light source was a continuous-wave diode laser with a wavelength of 633nm and an output power adjustable from 0 to 40mW. The sample was placed between crossed polarizers in a heating block that was electrically heated by two heating elements, and the temperature of the sample was controlled by an Omega Engineering temperature controller (CN9111A). 40 In order to determine the order-disorder transition temperature (T odt ) of the sample, the birefringence method was employed. 41 In the orderto-disorder experiments, the total depolarized transmitted laser power was 10 obtained as the sample was heated in approximately 10 °C increments from 80 °C to 110 °C. When the sample temperature is higher than the T odt , the sample is completely disordered, and the total power decays to zero. At the end of every temperature step, a DPLS scattering pattern was captured with a CCD camera. For the coexistence experiments, the samples were heated to 80°C and the scattering patterns were recorded after 40 minutes at 80 °C.
All scattering patterns were stored as 8-bit, 801 x 801 pixel TIFF image files.
The intensity at each pixel was represented by a dimensionless number between 0 and 255. The total depolarized transmitted power was calculated from the image file by summing the intensities at every pixel, after subtracting a background noise image taken with a completely disordered sample. Table 2 outlines the polymer characteristics and phase behavior for all salt-containing SEO copolymer samples. All six SEO copolymers are disordered in the neat state and SAXS profiles of the neat copolymers can be found in the Supporting Information ( Figure S1 ). Figure 1 shows the SAXS profiles for SEO(5.1-12.8) at 93 °C for salt concentrations ranging from 14 0.005≤r ≤0.300. At the lowest salt concentration, r = 0.005, the electrolyte exhibits a single broad disordered peak at q* = 0.433 nm -1 , where q * is the location of the primary peak. At r = 0.01, the sample exhibits a weak signature of order; note the presence of a small, but noticeable, sharp primary peak at q = 0.444 nm -1 superimposed on a broad peak characteristic phase. The order-to-disorder transition in this sample was also studied by birefringence (Figure 2b) . At temperatures below 87 °C, the birefringence signal is more or less independent of temperature. At temperatures between 87 ℃ ≤ T ≤101 ℃, the birefringence signal decreases smoothly to zero. We therefore determined the order-disorder transition temperature, T odt , , to be 15 101 ℃. 41 The smooth decrease is consistent with the presence of coexisting LAM and DIS phases in this temperature window, which has been seen previously in block copolymer salt mixtures. 32, 42 Only the LAM phase contributes to the birefringence signal and the fraction of the sample occupied by the LAM phase decreases with increasing temperature and vanishes at T odt . 43 Figure 3a indicates coexistence between two ordered phases. At a salt concentration of r = 0.075, the primary peak for the HEX phase appears at q* = 0.324 nm -1 and that of the BCC phase at q* = 0.347 nm -1 . The HEX phase has a larger 18 domain spacing, given by d= 2 π q ¿ , than the BCC phase: 19.4 nm versus 18.1 nm, respectively. The higher order reflections for the BCC phase are seen at¿ =√2 , √3,√4, and √6 . The relative intensities of the peaks associated with HEX and BCC morphologies change with salt concentration; for example, at r = 0.075, HEX is the majority component of the system and at r = 0.10, BCC becomes the majority phase. Since the HEX phase is optically anisotropic and the BCC phase is optically isotropic, the gradual transition from HEX to BCC with salt concentration can be studied by birefringence. 46 The dependence of the birefringence signal on salt concentration at 80 °C in the HEX/BCC coexistence window is given in the Supporting Information ( Figure   S2 ) coexistence of BCC and HEX phases. In this coexistence window, salt must 19 be partitioned between these two phases. Based on the location of the coexistence window, we anticipate that the salt concentration is higher in regions where the BCC phase is found.
Results and Discussion
The phase behavior of SEO(3.8-8.2) is similar to that of SEO(5. 1-12.8) and SAXS data obtained from this sample is shown in Supporting Information ( Figure S3 ). The phase behavior for SEO(9.4-2.4), SEO(9.4-4.0) and SEO(17.4-3.9) has been previously reported in ref 36 . It is evident from the discussion above that the phase behavior of SEO/ LiTFSI mixtures is a complex function of chain length, copolymer composition, salt concentration and temperature. Our objective is to compare our findings with prevailing theories directly. There are no established approaches for accomplishing this. The phase behavior of conventional block copolymers is usually reported on a χN versus f A plot where χN reflects segregation strength. However, there is much debate in the literature about the relationship between experimentally determined χ and that demanded by theory. [47] [48] [49] [50] Many more questions arise in the case of salty block copolymers wherein χ must be replaced by χ eff . 21 If we assume that χ eff for block copolymer/salt mixtures can be approximated by Equation 1, then the segregation strength in these mixtures is approximated as
Note that the segregation strength is proportional to the product Nr. . This information is conveyed in Figure 5 where N is plotted as a function
of r and f EO,salt on a three-dimensional plot. The step change in salt concentration that leads to order formation is used as the error bar on the N=0 plane. As expected, shorter polymers order at higher salt concentrations. However, it is evident that the surface demarcating the order-to-disorder transition in N-r-f EO,salt space, the surface obtained by connecting the squares in Figure 5 , is complex. Cochran and Fredrickson have computed the boundary between ordered and disordered phases in neat block copolymers using SCFT. 7 They expressed their results on a χN vs f A plot. We are interested in the relationship between N and f A at a fixed temperature, or χ. Our objective is to compare the data presented in Figure 5 with the Cochran and Fredrickson predictions. In our experiments, the order-to-disorder transition was located over a range of 0.0025 < r < 0.125. Over this range, χ eff values reported in the literature range between 0.05 and 0.20. 11 In order to make connections between the Cochran-Fredrickson SCFT and experiments, we calculate N at the order-disorder transition as a function of f A using these two values for χ.
The results of these calculations are the two U-shaped curves in Figure 6 .
The symbols in Figure 6 represent the experimental SEO/LiTFSI systems in which salt-induced order-disorder transitions have been identified taken from 26 Figure 5 . Generally, the experimental data points lie between the two SCFT curves and are consistent with SCFT. Figure 6 indicates that the phase behavior of salty SEO mixtures can be mapped on to the phase behavior of uncharged block copolymers. 
(The fit and coefficient values are given in Figure S4 ). For a given SEO/salt mixtures, the value of χ at the order-disorder transition was calculated using eq. 6 with the assumption that f A =f EO ,salt , to obtain
This enables taking each data point in Figure 5 where N at the ODT is given as a function of f EO , salt and r, and converting it into χ eff for the given value of r. Our approach for determining χ eff is similar to the time-honored method of determining phase boundaries in binary polymer solutions and blends and mapping these results onto the predictions of the Flory-Huggins theory to determine the interaction parameter. 50, 52, 53 The calculated values of χ eff thus obtained are plotted versus salt concentration, r, in 0.18≤ f EO ≤0.84) is noteworthy. In spite of these complexities, our work 28 indicates that most of the important features of the SEO/LiTFSI phase diagram can be reproduced by combining the linear relationship in Fig. 7 with conventional block copolymer SCFT.
The particular constants (0.047 and 1.67 in equation (8) The similarity of SEO/LiTFSI phase behavior and that of conventional block copolymers is depicted in Figure 9 which shows the phase diagram of a neat conventional block copolymer, polystyrene-block-polyisoprene (SIP), taken from ref 54 . We have colored all of the ordered phases that are relevant to the present study (LAM, HEX, BCC and GYR) using the same color scheme as Figure 8 . The x-axis in Figure 9 is the volume fraction of the polyisoprene 30 (PI) block and the y-axis is χN for SIP. Also shown in Figure 9 are five colored horizontal bars evenly spaced between 20 ≤ χ eff N ≤40. These bars present the phase behavior of SEO/LiTFSI mixtures (Figure 8) with χ eff N as the ordinate and f EO , salt as the abscissa. Within each bar, the color represents the ordered phase using the same color scheme as Figure 8 (the DIS phase is not colored). It is clear from Figure 9 that the phase behavior of salty block copolymers closely resembles that of conventional block copolymers. when plotted on a χ eff N versus fPEO/salt plot is similar to that of a cN versus fA plot obtained for conventional block copolymers. The only difference is that the phase boundaries are not vertical; they tilt to the right. We hope that our work will allow for discrimination of different theoretical approaches that have been used to describe the effect of electrostatic interactions on block copolymer phase behavior. 32 ASSOCIATED CONTENT
Supporting Information.
Additional information on the synthesis and characterization of the block copolymer electrolytes are given in the Supporting Information.
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